The xenon secondary scintillation yield was studied as a function of the electric field in the scintillation region, in a gas proportional scintillation counter operated at room temperature. A large area avalanche photodiode was used for the readout of the VUV secondary scintillation produced in the gas, together with the 5.9 keV x-rays directly absorbed in the photodiode. The latter was used as a reference for the determination of the number of charge carriers produced by the scintillation pulse and, thus, the number of VUV photons impinging the photodiode. A value of 140 photons/kV was obtained for the scintillation amplification parameter. The attained results are in good agreement with those predicted, for room temperature, by Monte Carlo simulation and Boltzmann calculations, as well as with those obtained for saturated xenon vapour, at cryogenic temperatures, and are about a factor of two higher than former results measured at room temperature.
INTRODUCTION
Xenon gas counters have been widely used as x-ray and low-energy γ-ray detectors [1, 2] . More recently, xenon dual-phase detectors have been developed for dark matter search, namely for the detection of Weak Interacting Massive Particles [3] [4] [5] . In both cases, signal amplification in the gas is achieved by accelerating the electrons resulting from the radiation interaction to excite the gas atoms by electron impact, leading to the production of secondary scintillation, the so-called electroluminescence.
The electrons resulting from the radiation interaction in the gas are lead to a specific region inside the detector, the scintillation region, where the established electric field is such that electrons can acquire enough energy to excite the noble gas atoms through inelastic collisions. The most common type of collision that occurs is the elastic collision. Between two successive inelastic collisions, the electrons undergo a very large number of elastic collisions, above 10 4 [6] , while they gain enough energy from the electric field to excite the atoms. Nevertheless, the amount of energy lost by the electron in this large number of elastic collisions is small, given the very large difference in masses between electron and Xe atom. The excitation efficiency, i.e. the fraction of energy acquired from the electric field by the electron that is spent in exciting the xenon atoms, reaches values around 95% for reduced electric fields, E/p (the electric field divided by the gas pressure), of 4 kV cm -1 bar -1 [6, 7] . On the other hand, this energy loss is not negligible for low reduced electric fields, as the number of elastic collisions increases significantly. The excitation efficiency presents a fast decrease for values of E/p below 2 kV cm -1 bar -1 [6, 7] , being zero below a characteristic E/p threshold. Below this threshold, electrons never acquire enough energy to excite the atoms of the medium.
The mechanisms of secondary scintillation production are well known [6, [8] [9] [10] . For pure xenon, the wavelength of the emission depends on the gas pressure. Below 10 mbar, the emission is mainly atomic, with two peaks centred at ~130 and ~147 nm. For higher pressures, the formation of excited dimmers Xe 2 * is favoured through three body collisions, and molecular emissions become increasingly important. These emissions are cantered at 147 nm (first continuum) and 172 nm (second continuum). The first and second continua correspond to the VUV radiative decay of the vibrationally (Xe 2 * ) υ excited and (Xe 2 * ) υ=0 relaxed excimer states, respectively. Above 400 mbar, the second continuum is dominant and the secondary scintillation presents only a narrow peak, ~10 nm FWHM, centred at 172 nm [9] . The energy loss due to relaxation of the vibrationally excited dimmers is still a small fraction of the energy electrons acquire from the electric field and the overall scintillation efficiency reaches values of 80% for reduced electric fields of 4 kV cm -1 bar -1 [6, 7] . Concerning the electroluminescence yield, defined as the number of secondary scintillation photons produced per drifting electron per unit path length, the data available in the literature are not in agreement. While the data obtained at room temperature using Monte Carlo simulation [7] and Boltzmann calculations [11] are in perfect agreement with each other [7] , the values obtained experimentally [12] [13] [14] [15] [16] [17] are much lower than the former and differ significantly from each other, see Fig.3 further on. On the other hand, the results presented for saturated gas at cryogenic temperatures [16, 17] , in equilibrium with the liquid phase, are in agreement with each other, as well as with the simulation results calculated for room temperature.
The electroluminescence yield, along with its dependence on the electric field, is an important parameter for detector simulation. Nevertheless, absolute measurements are difficult to perform and usually rely on comparison/calibration performed with experimental set-ups and/or settings other than those used to measure the secondary scintillation in itself, e.g. Ref. [17] .
In this work, we apply a straightforward method that makes use of only one experimental set-up to carry out absolute electroluminescence yield measurements. A VUV-sensitive large area avalanche photodiode (LAAPD) is used to detect, simultaneously, the secondary scintillation of a xenon gas proportional scintillation counter (GPSC) and original x-rays. The x-rays are used as reference for determining the absolute number of VUV-photons impinging the LAAPD. This method has been largely employed to measure the primary scintillation yield of inorganic crystals, e.g. Ref. [18] and references therein, and the primary scintillation yield produced by alpha particles in noble gases [19, 20] . The electroluminescence yield is measured as a function of electric field in the scintillation region and is compared with the other experimental and calculated results found in the literature.
EXPERIMENTAL SET-UP
In this work we have used a xenon-filled GPSC instrumented with a large area APD [21] . The GPSC is schematically depicted in Fig. 1 and was already used in Refs. [22, 23] . It is a driftless prototype with a 1.1-cm deep scintillation region. The APD is positioned just below the electron-collection grid, G (80 μm in diameter stainless steel wire with 900-μm spacing, having an optical transparency T of 84%). The radiation window is maintained at negative high-voltage, -HV, while grid G, APD and detector enclosures are maintained at ground potential. The electric field in the scintillation region is defined by -HV. The radiation window is a 12.5-μm thick, 10 mm in diameter aluminized Mylar film. A Macor ceramic is used between the detector body and the radiation window holder, for electrical insulation. Both Mylar window and Macor are glued to the stainless steel by means of a low vapour pressure epoxy (TRA-CON 2116). The detector upper and lower parts and the LAAPD enclosure are vacuum-tight by compression of indium gaskets. The detector is pumped down to pressures in the 10 -6 mbar range, and filled with high purity xenon (Air Liquide, N45) at a pressure of 1.52 bar. After being sealed, the gas purity in the detector is maintained by a small non-evaporable getter (SAES ST172/HI/7-6/150C), which is placed inside the xenon envelope and kept at a temperature of about 200ºC. These simple, high-vacuum detector assembling techniques have been developed and used in our group for more than one decade and have proved to be capable of keeping the xenon in sealed detectors at high purity levels, with high scintillation efficiency. This produces high performance detectors capable to deliver the best energy resolutions obtained with GPSCs [1] .
For this study, we have used a 1-mm collimated 5.9-keV x-ray beam from a 55 Fe xray source filtered with a Cr-film to remove the 6.4-keV Mn K β -fluorescence line. X-rays entering the radiation window are absorbed in the xenon gas by photoelectric effect, generating a primary electron cloud. The electrons are accelerated in the electric field established by -HV. Each primary electron produces a large number of VUV photons. Proportionality between incident x-ray energy, number of primary electrons and number of scintillation photons is maintained throughout the process.
The scintillation photons absorbed in the sensitive area of the APD produce electron-hole pairs in the silicon, which are multiplied by the avalanche process. Concurrent with the acquisition of the scintillation signals resulting from the absorption of x-rays in xenon, a transmitted fraction of the x-rays is detected directly by the APD. The number of electron-hole pairs produced through direct absorption of the x-rays in the APD is determined from the energy of the x-ray and the w-value in silicon, i.e. the mean energy required to produce a pair of charge carriers. The APD reverse bias voltage determines the multiplication gain in the avalanche process.
In the driftless design, the primary scintillation produced by the x-ray interaction is detected together with the secondary scintillation. However, the number of primary photons is more than two orders of magnitude lower than the number of photons resulting from secondary scintillation.
For each 5.9-keV x-ray interaction in the driftless detector, the total number of scintillation photons produced by the primary electron cloud will depend on how deep into the scintillation region the x-ray is absorbed. Nevertheless, the average number of VUV photons is well defined, as the respective pulse-height distribution has a Gaussian shape with a tail towards the low energy region. Although the driftless GPSC results in degraded energy resolution for scintillation events, it allows a higher transmission of the 5.9-keV x-rays through xenon and, therefore, more direct x-ray interactions in the APD, convenient for this study. In our case, approximately 0.2% of the 5.9-keV x-rays are transmitted through 1.1 cm of xenon.
The charge pulses collected in the APD are integrated in a 1.5 VpC -1 chargesensitive preamplifier (Canberra 2004), followed by linear amplification (Hewlett Packard 5582A) with a 2-μs shaping time. Pulse-height analysis is performed with a 1024-channel analyser (Nucleus PCA-II). The peaks in the pulse-height distribution are fit to a Gaussian function superimposed on a linear background. The pulse amplitude for each type of event is determined from the centroid of the fitted Gaussian. Figure 2 depicts a typical pulse height distribution obtained with the driftless GPSC instrumented with an LAAPD for scintillation readout. The salient features of the pulseheight distribution include, not only the 5.9-keV x-ray full-energy peak from absorption in the xenon GPSC, but also the xenon L α -and L β -escape peaks from 5.9-keV x-ray absorption in the xenon GPSC, the 5.9-keV x-ray peak from direct absorption in the APD, the 4.1 and 4.8 keV xenon L α and L β fluorescence peaks from absorption in the APD, and the system electronic noise. While the amplitude of the scintillation peaks depends on both scintillation region and LAAPD biasing, the amplitude of the events resulting from direct x-ray interaction in the LAAPD depends only on the LAAPD biasing. The latter events are present even for a null or reverse electric field in the scintillation region. On the other hand, only the peak resulting from direct 5.9-keV interaction in the LAAPD is present when the detector is vacuum-pumped. Therefore, the pulse-height distributions enable a direct comparison between the pulse amplitudes resulting from the 5.9-keV x-ray full-absorption in the gas, i.e. from the xenon scintillation, and direct absorption in the APD. This allows a direct quantification of the VUV-photons impinging the LAAPD, given the quantum efficiency of the device. According to the manufacturer, the LAAPD manufacturing technology is well established, and quite good reproducibility is obtained. Thus, it is expected that the observed behaviour for individual LAAPDs is representative for any of these devices [24] . A value of 1 . 1 = QE for the number of charge carriers produced in the photodiode per incident 172-nm VUV photon was provided by the manufacturer [25] for the LAAPDs we acquired [26] . We note that, at the moment, the manufacturer provides different values for the quantum efficiency of the LAAPDs presently manufactured which, in the VUV region [21] , are somewhat higher than formerly. We assume an uncertainty of ~ 0.1 for the LAAPD quantum efficiency. This uncertainty is the major source of error in our measurements.
METHOD
For a 4.1 kVcm -1 bar -1 reduced electric field, the ratio between the pulse amplitudes resulting from the 5.9 keV x-ray full-absorption in the gas and absorbed in the APD, as obtained from the corresponding pulse-height distribution, is 1 . 0 9 . 19 / ± = XR UV A A for low LAAPD gains, where gain non-linearity in the photodiode is less than 1% [22] . As the w-value in silicon is 3.62 eV [27] , the average number of free electrons produced in the LAAPD by full absorption of the 5.9-keV x-rays is Thus, the average number of VUV photons impinging the photodiode for the scintillation pulses due to the 5.9-keV x-ray full-absorption in the gas is (4) where T is the grid optical transparency.
In addition, the average number of primary electrons produced in xenon by the full absorption of the 5.9-keV x-rays is electrons 263 eV 4 . 22
considering a w-value for xenon of 22.4 eV [29] . As the average absorption depth of 5.9 keV x-rays in the detector is given by 
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In Fig.3 
where E/N is given in Td (10 -17 V cm 2 atom -1 ). It can also be expressed by:
where E/p is given in kV cm -1 bar -1 . Fraga et al., Boltzmann [11] Fonseca et al. [17] Fonseca et al., -90ºC [17] Parsons et al. [13] Bolozdynia et al. [14] Akimov et al. [15] Aprile et al., -95ºC [16] Ngoc et al. [12] Xenon Fig.3 -Xenon reduced electroluminescence yield as a function of reduced electric field for this work, as well as for the different data reported in the literature.
Our results are in good agreement with those obtained by Monte Carlo and Boltzmann simulations for room temperature.
Since the early years of study and development of GPSCs, it was well established that the reduced scintillation yield presents an approximately linear dependence on the reduced electric field in the scintillation region, presenting a scintillation threshold at an E/p value of about 1.3 kVcm -1 bar -1 (e.g. Ref. [31] and references therein), as exhibited in Fig.3 . However, the scintillation amplification parameter -the number of photons produced per drifting electron and per volt, i.e. the slope of the linear dependencepresents many different values in the literature and is not well established yet. Above a reduced field of 8 kVcm -1 bar -1 , the xenon ionisation threshold, the reduced scintillation yield variation departs from the linear behaviour, reflecting the exponential growth in the number of electrons present in the scintillation region, since secondary electrons also produce electroluminescence, while Y/N is calculated per primary electron. Favata et al. [32] reported a detailed study of the electroluminescence yield as a function of reduced electric field and compiled the different studies on electroluminescence yield published up to then (1990), concluding that the reduced electroluminescence yield is pressure-independent. Fonseca et al. [17] have shown that the scintillation yield does not depend on gas temperature, in the range from 20 downto -88ºC. On the other hand, for -90ºC and at a constant gas pressure, the scintillation amplification factor near the saturation point varies significantly, depending on the amount of xenon present in the liquid phase. Table I summarizes the different values found in the literature for the scintillation amplification parameter, and the respective experimental conditions concerning pressure and temperature. The value of 70 photons/kV, obtained by Parsons et al. (1989) [13] and confirmed by Bolozdynya et al. (1997) [14] and Akimov et al. (1997) [15] is a factor of two lower than that obtained by Monte Carlo simulation and Boltzmann calculation. In 2003, Aprile et al. [16] have estimated a value of 120 photons/kV from their experimental measurements in saturated xenon vapour, a value in much better agreement with the simulation/calculation. The value obtained by Fonseca et al. [17] for the amplification parameter in saturated xenon vapour, at -90ºC, is in very good agreement with that obtained by simulation/calculation for room temperature, but their value obtained at room temperature is only ~90 photons/kV, a similar value to what had been obtained by Ngoc et al. (1980) [12] . Table I -Xenon secondary scintillation amplification parameter, reduced electroluminescence yield linear trends and experimental conditions of pressure and temperature for this work, as well as for the different data reported in the literature. [7] 139
Fraga et al. (Boltzmann) [11] 138
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Ngoc et al. [12] 88
Fonseca et al. [17] 86
Parsons et al. [13] 70
Bolozdynya et al. [14] 70
Akimov et al. [15] 70 Our measurements have shown, for the first time that, even for room temperature, the scintillation amplification parameter can be as high as those predicted by Monte Carlo simulation and/or Boltzmann analysis and those experimentally obtained for saturated xenon vapour at cryogenic temperatures. We attribute the differences in the experimental values obtained at room temperature to different levels of gas purity achieved in each experimental set-up. Electron collisions with molecular impurities lead to energy losses through excitation of rotational and vibrational molecular states, which de-excite without emitting scintillation. Thus, higher impurity content will result in less efficient energy transfer from the electric field to photons, leading to lower scintillation amplification values.
CONCLUSIONS
We have studied the reduced electroluminescence yield of pure xenon at room temperature and compared it with the other results reported in the literature. The experimental measurements were performed with a gas proportional scintillation counter (GPSC) instrumented with a large area avalanche photodiode for the VUV secondary scintillation readout. X-rays with energy of 5.9 keV were used to induce the secondary scintillation in the GPSC or partially to interact in the photodiode. The direct interactions are used as a reference for the determination of the number of charge carriers produced by the scintillation pulse and, thus, the number of VUV photons impinging the photodiode, given its quantum efficiency.
A scintillation amplification parameter, i.e., number of photons produced per drifting electron and per volt, of 140 photons/kV, was measured. The results are in good agreement with those predicted by Monte Carlo simulation and Boltzmann calculation for room temperature and also with those observed for saturated xenon vapour at cryogenic temperatures. Our result is about a factor of two higher than earlier results measured at room temperature. Differences in gas purity during the experimental measurements may be one of the factors responsible for the different experimental results obtained at room temperature.
